In cat papillary muscles, which were perfused with oxygenated physiologic saline at 26°C and contracting isometrically at 15 beats/min, shortening steps were imposed 330 msec after stimulation-near the peak of isometric twitch force-and 170 msec or 250 msec after stimulation-during force development, The force immediately following the shortening step was measured. From the results at 330 msec, we predicted the results at the earlier times assuming that the sudden drop in force was due to recoil of a series elastic component (SEC) alone; however, the actual results differed from the predicted results. The shortening step required to drop the force to zero at the earlier times was greater than was predicted; in other words, the force immediately following a shortening step predicted to drop the force to zero was finite. The results are not compatible with the hypothesis that the sudden drop in force accompanying the shortening step (the quick-release phenomenon) is due to the sudden recoil of the SEC, which is stretched to different lengths at the two times. They are compatible with the hypotheses that (1) the quick-release phenomenon is a property of the contractile component or (2) the SEC compliance is a function of the degree of activation. Therefore, we concluded that nonseries elasticity contributes to the quick-release phenomenon and should be considered when the Hill model is applied to heart muscle. In particular, isometric contraction cannot be modeled by a contractile component stretching an SEC of constant physical characteristics.
• Previous work on the mechanics of heart muscle has been based largely on the assumption of Abbott and Mommaerts (1) that heart muscle can be represented like skeletal muscle (2) as a three-component system consisting of a contractile structure, a series elasticity, and a parallel elasticity. Concern recently has focused on the applicability of the two most popular arrangements of the three components (3) to heart muscle (4, 5) and on the consequent implications for the determination From (6) and force-velocity relations (7) . Because of the widespread use of series elastic component characteristics for calculating the velocity of series elastic lengthening (velocity of contractile component shortening) (8) , we examined the validity of the concept that isometric contraction of cat papillary muscle can be modeled by a contractile component (CC) stretching a series elastic component (SEC).
Methods
Kittens weighing 2 kg or less were anesthetized with sodium pentobarbital, 30 mg/kg, ip, and their hearts were rapidly excised and placed in oxygenated solution of the following millimolar composition: Na+ 145, K+ 4.2, Ca 2+ 2.5, Mg 2 + 1.2, Ch 125.5, SO 4 2 -1.2, H 2 PO 4 -1.2, HCO 3 -27, and glucose 5.6. The right ventricle was opened, and a thin papillary muscle was selected.
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Each end of the muscle was tied with ligatures, and tension was applied to keep the muscle at approximately the in vivo length during excision from the ventricle. Two short sections of copperalloy tubing were threaded over the ligatures and knots and then crimped onto each end of the muscle with a needle holder so that the muscle was gripped at each end by the metal with no intervening knots or thread. These metal grips were applied so that a short section of the center of the muscle was available for study, thus avoiding inclusion of both the tendinous end previously attached to the eordae tendinae and the tapering end previously attached to the ventricular wall. Thus, the width of the length of muscle was as uniform as possible. The muscle was mounted in a muscle bath and perfused with physiologic saline at 26°C. A reservoir was used to equilibrate the perfusing solution with 95% O 2 -5% CO 2 ; the aerated solution had a pH of 7.4 and a Po 2 greater than 600 mm Hg. The solution was fed by gravity drip to the muscle bath. 95$ Oj-5% CO 2 was also passed through a sintered disc in the bottom of the bath so that a continuous stream of bubbles flowed upwards around the muscle.
After the muscle was mounted, it was stimulated to contract isometrically for 2 hours. The contractile performance reached a stable level by this time and remained stable for 12 hours. However, to avoid the problems of minor changes in performance during long experiments (9), the quick-release studies were always completed within 1 hour.
EQUIPMENT
The apparatus is diagramed in Figure 1 . The force transducer (Devices Instruments model 2STO2) measured forces up to 1 kg. When a 50g weight was hung on the end of the transducer,
FIGURE 1
Diagram of apparatus. The muscle (1) was mounted in the bath (2) between the force transducer (3) and the tip of the muscle lever (4) . The lever position was controlled by the Brush pen motor (5) driven by the amplifier (6) . The position of the lever was sensed by the transducer (7) , which provided feedback control (8) . Movements of the lever were controlled in amplitude by the potentiometer (9) , which varied the input signal voltage, and in wave form by the oscillator (10) , which was set to put out negative square waves. Initial muscle length was set by the potentiometer (11) . The length signal (12) from the Brush transducer was processed by the Biomac 500 analog-digital converter averaging oscilloscope system (13) , as was the force signal (14) . The wave-form generator and Biomac system were triggered by the DigUimer (15), as was the muscle stimulator (16). Digital data from the Biomac system was stored by a paper tape punch (17) on paper tape. 5S2 NOBLE, ELSE a 0.05-mm deflection of the tip was measured with a microscope mounted on a micromanipulator; with a 10-g weight, the deflection was visible but too small to measure accurately with the vernier scale. The forces measured in the present series of experiments never exceeded 10 g. For each experiment, the force transducer was calibrated and checked for linearity with weights.
The muscle lever consisted of a hollow cylinder of acrylic plastic with transverse holes drilled through it to reduce its mass. When a 200-g weight was hung on the end, a 0.03-mm deflection of the tip occurred; the deflection with a 10-g weight was too small to measure. The lever was attached to the axle of a Brush 86475 pen motor, the angle of which was sensed by a Metrisite differential transformer. The demodulated angle signal was linearly related to displacement of the lever tip over a range (0.6 mm) greater than the amplitude of any quick release performed during the experiments. This signal was recorded, and it was used as a negative feedback into the driver amplifier (Brush 865818) of the pen motor. The gain of the feedback loop and the damping were adjusted to give a rise time of 2-3 msec in response to a square-wave input. This rise time was estimated with a 0.6-mm movement of the lever tip.
The timing of events was achieved with a Devices Instruments model 3290 Digitimer set to recycle with a period of 4 seconds (i.e., 15/min). The zero-time output was used to trigger a monitoring oscilloscope (Devices Instruments model 3120). A pulse with a 1-msec delay was used to trigger the muscle stimulator, which consisted of a Devices Instruments Mark IV stimulator with current amplification, using a 2N 3442 RCA power transistor. Stimulus duration was 5-10 msec, and amplitude was 15-2056 above threshold. The electrodes were tantalum plates placed on either side of the muscle, and the stimuli discharged through the solution.
Another Digitimer pulse was used to trigger (at any desired time) a wave-form generator (Feedback Ltd. model TWG 500) which was set to put out a single negative square wave. A diode removed any positive output. The resulting signal was fed to the driver amplifier of the lever motor and produced an immediate shortening step. The original length was reestablished at any desired time thereafter by adjusting the frequency setting of the wave-form generator. The amplitude of the shortening step was controlled by a ten-turn potentiometer with a linearly calibrated dial. Initial muscle length was only known as a deviation from an arbitrary length corresponding to a fixed reading on this dial. The actual muscle length corresponding to this reading was obtained at the end of the experiment by measuring the muscle between the metal crimps with a traveling microscope.
RECORDING
Force and length signals were fed through Analog Devices 602-J-10 amplifiers and displayed on a Devices Instruments model 3120 oscilloscope. The output of this oscilloscope (1 v/cm deflection) was fed into a Biomac 500 analogdigital converter averaging oscilloscope system (Data Laboratories) for automatic analysis. Eight Oscilloscope photograph of two superimposed twitches. Top: Muscle length with shortening steps imposed at two different times. Bottom: Force/cross-sectional area (stress). Oscilloscope sweep was triggered to coincide with muscle stimulation. twitches were averaged to avoid error due to individual variation between beats. The beginning of analysis for each twitch was triggered by a pulse at any desired time from the Digitimer. The duration of analysis could be controlled between 2.5 msec and 41 seconds. The averaged data were punched on paper tape for permanent storage and analysis. Visual records were obtained by recording the output of the store on a Cambridge multichannel physiological recorder or by photographing the oscilloscope screen with a Cossor camera.
PROTOCOL
Initial muscle length was first set at a point where resting force was always less than 5% of developed force. It is at this length that resting force is just detectable on the ascending limb of the length-tension curve. A series of shortening steps of varying amplitude was imposed 170 msec or 250 msec after stimulation and again 330 msec after stimulation. In five muscles, shortening steps o :
Data from muscle 2. Crosses: Forces immediately following the shortening steps 330 msec after stimulation plotted against the amplitude of the steps. Circles: Forces 170 msec after stimulation. All forces (mean of eight twitches) are plotted as their ratio to the force immediately preceding the step at 330 msec. at all three times were studied. The order of the steps was varied from muscle to muscle. For each shortening step, the force immediately following the step was plotted (as its ratio to the force immediately preceding the step at 330 msec) against the amplitude of the shortening step.
Results
A sudden, shortening step imposed during the development of isometric force or at peak force produced a sudden drop in force followed by rapid force redevelopment (Fig.  2) .
Data for all nine muscles are presented in Figures 3 and 4 and Table 1 . In the figures, the force immediately following the shortening step 330 msec after stimulation was first plotted against the amplitude of the shortening step. The isometric force at the earlier time (170 or 250 msec) was then plotted on the y-axis (zero-shortening step). The horizontal displacement of this point from the 330msec curve represents the difference in length Data from muscle 8 plotted in the same way as the data in Figure 3 except that the range of results for eight individual twitches is presented instead of the mean.
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of the SEC between the two times assuming that the increase in force is due to stretching of the SEC. Using the same assumption, the predicted curve for quick releases at the earlier time was obtained by similar horizontal displacement of the rest of the 330-msec curve to the right by the same distance. The resulting curve (the dashed line in each figure) was the expected result for quick releases at the earlier time. For all muscles, the data for the quick-release series at the earlier time differed from that predicted by the model.
Two aspects of the difference between the expected results and the data are presented in Table 1 . (1) The shortening step required to drop the force to zero at the earlier time was always greater than was predicted. (2) When the shortening step predicted to drop the force to zero at the earlier time was imposed, the actual force was always finite.
Further analysis was carried out to determine the greatest possible deviation from the prediction by assuming that the quick-release phenomenon was a property of the CC. In this case, the force immediately following the shortening step at the earlier time would be reduced in proportion to the reduction in the force immediately preceding the step at that time. In the figures, the expected result based on this assumption was obtained by multiplying (for each shortening step) the force immediately following the step at 330 msec by the ratio of the force immediately preceding the step at the earlier time to the force immediately preceding the step at 330 msec. The resulting curve (the dotted line in each figure) was the predicted result for quick releases at the earlier time. For most of the muscles, the data differed from that predicted in this way, but in muscle 6 the results were very similar to the prediction. The results were closer to the prediction when the 170-msec data were compared with quick releases at 250 msec ( Fig. 5 ) rather than those at 330 msec. This comparison was possible in five muscles; four showed very good agreement and one (muscle 4) did not (8, 9) . Although many aspects of the resting (diastolic) mechanical properties of the heart can be likened to a passive spring, Brutsaert et al. (10) have suggested that the PEC may not be functionally important over the physiological range of length below Lmax. However, in the present experiments, we have studied the muscles at negligible resting tension to reduce any complications arising from possible PEC shortening. At greater muscle lengths, it would be necessary to subtract all, part, or none of the diastolic force from the systolic force according to the assumed arrangement of the PEC.
Series Elastic Component.-We have previously assumed that, during isometric contraction, heart muscle can be represented by a CC that shortens and stretches an SEC in series with it ( Fig. 6 ). The force developed, therefore, depends on the stretch of the SEC. Isometric contraction is modeled in this way because there is an extremely rapid shortening (the quick-release phenomenon) when a muscle is released during contraction. This shortening is much more rapid than that which occurs when the muscle is allowed to shorten freely against zero force. (With zero force, the SEC is unsrretched and at constant length so that the velocity of muscle shortening equals CC velocity.) Quick-release shortening has been thought to be more rapid than any velocity of shortening of which the CC is capable and, therefore, has been attributed to the elastic recoil of a stretched SEC while CC length remains unchanged ( Fig. 6 ).
We may quickly release the muscle at peak isometric force (time t r i, Fig. 6 ) by a series of shortening steps of different amplitude and obtain the relation between force and stretch of the supposed SEC. At an earlier time during the isometric contraction, the SEC is not stretched so much (time t r2 , Fig. 6 ) and should, therefore, require a correspondingly Diagram of two-element model. Twitch A: Isometric. Twitch B: Shortening step at peak isometric tension (time t r l ). The model was tested by investigating whether data from steps imposed at time t r2 were appropriate for the same SEC at a shorter length. CE = contractile element; SE = series elasticity. smaller shortening step to drop the force to zero. However, in the experiments, we always found that a shortening step greater than that predicted was required to drop the force to zero. If we used the shortening step predicted to drop the force to zero, the measured force was always finite ( Table 1) .
The entire curve for quick releases during force development should be obtained by shifting the curve obtained at peak isometric force to the right so that the force immediately preceding release at the earlier time lies on the y-axis (dashed line in Figs. 3-5 ). However, in the experiments, we found that the data did not coincide with the curves thus obtained. Therefore, we conclude that the model from which the curves were obtained is invalid.
Objections to this conclusion are as follows. (1) The data points from the Biomac system are the mean of eight twitches and may not be statistically different from the prediction. We have, therefore, measured the values for individual twitches and plotted the range (Fig.  4 ). There is no overlap of individual results with the predicted curve at its lower end. (2) The deviation from the predicted curve is apparent only at the lower end; for the shorter steps the data are compatible with the twocomponent model. We have, therefore, calculated the curve that would be obtained using the most different alternative model-the onecomponent model (dotted lines in the figures ). It was then apparent that the possible deviation from the two-component model prediction became smaller for the shorter steps and for the greater curvatures (e.g., muscle 3). It is, therefore, possible to show a clear-cut deviation from the two-component model only at the lower end of the straighter curves.
This finding may explain why we have previously failed to detect the deviation of fact from SEC theory. In addition, the present CiratUtioa Rtumrcb, Vol. XXXI, Octctfr 1972
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apparatus allows quick-release curves to be obtained with considerably greater accuracy. We previously released the muscle to a series of loads against which the muscle continued to shorten (9) . Such releases were followed by oscillation, and the shortening step had to be determined by backward linear extrapolation through the oscillations (9, Fig. 3 ).
Having found a definite deviation from a straightforward SEC with constant physical characteristics, there seem to be two possible alternatives to the simple two-component model. The first alternative would be to regard the SEC not as a lumped component but as a distributed one, the properties of which are dependent on the degree of activation. This approach seems very realistic but results in an unwieldy model, because a continuous spectrum of SEC force-length curves must be specified for all degrees of activation. Such a model could be simply applied only to experiments in which all measurements are made at the same time in the contractile cycle. The alternative approach might be to discard the SEC; this possibility is discussed in the next section.
Contractile Component.-If we discard the concept of the SEC, we are left with only one of the original components (the CC) since we can ignore the PEC at these muscle lengths. We have, therefore, calculated the results we could expect if the CC were the only component in the muscle and if the quickrelease phenomenon was a property of the CC.
The ratio of the forces at times in the isometric contraction represents the ratio of the force-bearing capacity of the CC at these times. If the quick-release phenomenon is a property of the CC, the forces immediately following quick release at the two times should have exactly the same ratio. The predicted curve for the earlier times may be obtained from the curve at the later time by proportionally scaling down on the force axis; these curves are the dotted lines in the figures and are calculated in a similar manner to those predicted by Huxley and Simmons (11) for skeletal muscle. These lines differ very CircnUtion Kesitrcb, Voi XXXI, Octottr 1972 little from those obtained for the two-component model for the shorter quick-release steps and for the more curved lines. The data were equally compatible with both models in these circumstances. However, for the greater steps of the straighter curves where there was a clear-cut difference between the two predictions, the data tended to deviate from the onecomponent prediction. The failure of the data to fit the one-component prediction cannot be accepted as definite evidence that the model is invalid. We know that there are true series compliances, namely, equipment compliance which is too small to account for the deviation, the ends of the muscle which are crushed in the metal crimps and can be seen microscopically to be damaged and noncontractile, and the inhomogeniety of the muscle which tends to result in shorter sarcomeres which could be stretched by longer sarcomeres. These factors might be overcome by stretching the muscle during contraction to keep the central sarcomeres at the desired length (11, 12) , but this technique cannot be applied to heart muscle at the present time. All these factors (which are of unknown and variable magnitude in different muscles) will tend to cause a deviation from the onecomponent model prediction towards the twocomponent model prediction. We must, therefore, continue to consider the one-component model as possible.
The one-component model is obviously not a true model at all, but rather it is the muscle itself (unless one adds a PEC at longer muscle lengths) and is, therefore, of no help in conceptual understanding. In skeletal muscle, in which the same phenomenon has been demonstrated (11), Huxley and Simmons (13) have attempted to explain the mechanical behaviour of muscle by assuming certain cross-bridge properties. There are considerable difficulties in interpreting our data in the same way. Huxley and Simmons (13) suggest that the initial drop in tension immediately following a shortening step is due to elasticity within the cross-bridges, particularly for small steps. (This proposal is equivalent to the distributed SEC suggested at the end of the 588 NOBLE, ELSE previous section.) If we applied such an assumption to our data, we would conclude that the cross-bridges of heart muscle are approximately four times as compliant as are those of skeletal muscle. This finding seems unlikely. We think that it is premature to try and interpret relatively crude data concerning cardiac muscle mechanics in terms of the various theories of contraction proposed for skeletal muscle. A more direct approach using heart muscle is required, particularly since there are structural and functional differences between skeletal and heart muscle (e.g., a greater proportion of noncontractile tissue and a slower time course of activation in heart). It will be apparent from this discussion that we are not able to distinguish between the two alternative interpretations of our data because both are compatible with the results and both demand direct studies at the subsareomere level for further elucidation.
In muscle 6, the data did correspond very closely to the one-component prediction in spite of the known stray compliances inherent in the experimental setup. We searched the data to elucidate the way in which this muscle differed from the others and found that peak isometric force occurred 500 msec after stimulation instead of the usual 300-^400 msec. The quick-release series performed at 330 msec was, therefore, well before peak isometric force. We therefore reexamined the five muscles for which we had stored data from quick releases at three different times and used the 250-msec data to predict the onecomponent and two-component curves for 170 msec. In muscles 2, 7, 8, and 9, the data corresponded more closely with the onecomponent prediction thus obtained than with that predicted from the 330-msec data. This finding raises the possibility that the nature of the quick-release phenomenon is time dependent, i.e., that as contraction proceeds the SEC changes from a distributed component to a partly distributed, partly lumped component.
IMPLICATIONS FOR ACTIVE STATE
The definition of the intensity of the active state which we have accepted in the past has been the force borne by the CC at constant CC length (9) . With the Hill model, it was assumed that, during isometric contraction, the CC shortened (stretching the SEC). To determine the time course of the intensity of active state, it was, therefore, necessary to stretch the muscle during contraction in such a way that the CC remained at a constant length. Using this concept, Brady (6) found that active state was slow in onset, having a similar time course to the isometric twitch force but slightly preceding it. However, his method ignores the time dependence of SEC characteristics from which the amount of stretch required is determined. Clearly, some stretch of the muscle is required to extend the stray compliances in the preparation, but the required size of any additional stretch now seems debatable.
IMPLICATIONS FOR FORCE-VELOCITY RELATION
We now think that determination of the cardiac force-velocity relation following quick release may introduce errors (9) . This method was used to make all measurements at the same time in the twitch and thus to avoid errors due to the time dependence of the force-velocity relation. The velocity of shortening against a series of loads was measured following quick release on the assumption that CC length was the same immediately following the release as it was immediately preceding it. This assumption remains true if we use a model with a timedependent or distributed SEC. However, if the quick release involves some recoil which is not due to a series component, the velocity of shortening immediately following release would be less than predicted (14, Fig. 7) . The present findings also cast doubt on the validity of correcting total muscle data to obtain CC force-velocity curves (7, 9) .
